Purpose: Meibomian gland disease is generally accepted as the leading cause for evaporative dry eye disease (DED). In a previous study, perfluorohexyloctane, a semifluorinated alkane, has been demonstrated to significantly increase tear film breakup time and to reduce corneal fluorescein staining in patients with evaporative DED, thereby vastly reducing dry eye-related symptoms. This study was set up to evaluate perfluorohexyloctane in a larger population of patients with Meibomian gland dysfunction. Methods: Seventy-two patients with Meibomian gland disease and associated dry eye received 1 drop of perfluorohexyloctane 4 times daily during an observational, prospective, multicenter, 6-8-week study. Clinical assessment included best-corrected visual acuity, intraocular pressure, Schirmer test I, tear film breakup time, anterior and posterior blepharitis assessment, number of expressible Meibomian glands, meibum quality and quantity, ocular surface fluorescein staining, lid margin and symptom assessment, and Ocular Surface Disease Index (OSDI ª ). Results: From the 72 patients recruited, 61 completed the trial per protocol. Nine patients did not apply the medication as recommended and 2 patients were lost to follow-up. Tear film breakup time, corneal and conjunctival fluorescein staining, number of expressible Meibomian glands, and severity of anterior and posterior blepharitis significantly improved after 6-8 weeks of perfluorohexyloctane application. In addition, symptoms improved as demonstrated by a significant decrease of OSDI-values from 37 (-13) to 26 (-16). Conclusions: In concordance with previous findings, 6-8 weeks of topical application of perfluorohexyloctane significantly improves clinical signs of Meibomian gland disease and associated mild to moderate DED.
The main pathomechanism for evaporative DED is thought to be a dysfunction of the Meibomian glands (syn. Meibomian gland dysfunction/MGD), [2] [3] [4] whereas numerous causes leading to this dysfunction are discussed. Several forms of MGD are differentiated, such as hyposecretory and hypersecretory forms, with subdifferentiation into primary and secondary diseases. 3 All forms of MGD eventually lead to increased evaporation of the tear film, which is currently thought to be the leading cause of DED. 5 Other associated systemic diseases include the following: Atopy, Acne rosacea, seborrheic dermatitis, and cicatricial pemphigoid, along with ageing processes and drug side-effects. 4 Inflammation of the ocular surface, including the eyelids, has been shown to play a central role in the development and maintenance of DED. The role of inflammation in MGD, however, is still under discussion. 3 Besides thermo-/mechanical treatment of MGD in case of obstructed gland orifices [6] [7] [8] and anti-inflammatory treatment in patients with obvious blepharitis, including rosacea using antibiotics, 9 the substitution of substances that may stabilize the tear film is a central treatment strategy. The latter approach includes topical application or oral supplementation of omega-3 fatty acids [10] [11] [12] and other topically applied substances, which add or complement lipid components that are lacking or malsecreted by dysfunctional Meibomian glands 13, 14 Substances used for supplementing the lipid layer include different oils such as castor oil and mineral oil, or other stabilizing compounds such as polyethylene glycol, all of which have been shown to stabilize the tear film in a number of clinical trials. [15] [16] [17] [18] The recently introduced product NovaTears Ò (also marketed under the name EvoTears Ò ) is a 1 component eye drop containing 100% perfluorohexyloctane. The product follows a new paradigm as it is a water-free lipophilic liquid that does not require preservatives or surfactants. In a prospective open-labeled observational clinical trial, 19 NovaTears was shown to increase the tear film breakup time significantly, thereby significantly reducing patient symptoms, increasing the overall amount of tears, as measured by Schirmer test without anesthesia, and reducing ocular surface damage, as demonstrated by fluorescein staining of the cornea.
These clinical effects seem to be related to the physical properties of perfluorohexyloctane. The low surface and interface tension result in optimal spreading abilities and the amphiphilic nature of the molecule leads to film forming properties and the ability to dissolve lipids. 20, 21 Both of these properties likely result in a direct interaction of perfluorohexyloctane with tear film lipids, leading to rearrangement and consecutive stabilization of the tear film. In addition, due to its lipid dissolving properties, 20, 21 perfluorohexyloctane might dissolve thickened meibum that could obstruct the gland orifices, therefore resulting in nonmechanical reopening of the glands.
The objective of this observational study in 72 patients with Meibomian gland disease, blepharitis, and associated DED was to confirm perfluorohexyloctane's ability to stabilize the tear film and relieve symptoms. A further objective was to evaluate its effects on the clinical signs of blepharitis and on the number of expressible Meibomian glands. Moreover, local tolerability and safety of perfluorohexyloctane was assessed.
Methods

Study design
A prospective, multicenter, observational, 6-8-week study of patients with Meibomian gland disease and associated dry eye was designed.
The The study was reviewed and approved by the ethics committees of the participating centers, adhered to the tenets of the Declaration of Helsinki, and was registered at www .clinicaltrials.gov (NCT02356341).
After informed consent was obtained, patients were advised how to use perfluorohexyloctane according to the Instructions for Use. Patients were advised to apply 1 drop 3-4 times daily in both eyes and report any adverse event (AE) immediately. Patients returned after 6-8 weeks for a followup visit. Data were collected between January 2015 and December 2015.
Patients and examination parameters
Seventy-two patients with mild to moderate MGD were selected from outpatient clinics from participating centers according to the inclusion criteria demonstrated in Table 1 .
Patients with DED not caused by MGD, but due to any other underlying systemic disease, concomitant pharmacologic treatment, and malignancies, or of idiopathic nature, and patients taking lipid-containing eye drops or requiring topical treatment of the eye with antibiotics, steroids, or cyclosporin A were excluded from the trial. Parameters assessed, both at the baseline and at the followup visit included best-corrected visual acuity (BCVA), intraocular pressure (IOP), Schirmer I test, tear film breakup time (TFBUT), corneal and conjunctival staining, and Meibomian gland examination. Corneal and conjunctival staining was graded according to the Oxford grading scheme 22 and meibum secretion was examined by compressing the upper and lower eyelid using a Q-tip and differentiating meibum quality (clear, whitish, thick, or none). All expressible Meibomian glands were counted. A thorough slit-lamp examination was performed at both visits allowing for grading severity of anterior and posterior blepharitis and documentation of lid margin abnormalities. In addition, each patient filled in 2 questionnaires [an Ocular Surface Disease Index (OSDI ª )-like questionnaire 23 and a usability and satisfactory questionnaire] and physicians monitored disease symptoms and AEs. All patients reporting problems were called and interviewed by the physicians who then offered an immediate visit at the study site.
Statistical analysis and study analysis populations
Two populations were defined for the analysis: -Safety Analysis Population: The safety analysis set includes all patients enrolled in the study. This dataset includes 72 patients. -Per-Protocol Population: The per-protocol analysis set includes all patients in the safety analysis set. A patient was excluded from the per-protocol analysis set if
The patient did not reliably take the study medication throughout study period as documented by the investigator (n = 9). The patient was lost to follow-up (n = 2).
This dataset includes 61 patients and 122 eyes.
Statistical analysis of visual acuity, IOP, Schirmer I test, TFBUT, OSDI-like questionnaire, corneal and conjunctival fluorescein staining, and number of expressible Meibomian glands was performed retrospectively to identify statistically significant differences between baseline and follow-up.
For all parameters, except for corneal and conjunctival staining, a paired 2-sided t-test testing the null hypothesis that the mean change from baseline equals zero was used. The change in corneal and conjunctival staining was analyzed using the Wilcoxon signed-rank test for location shifts between baseline and follow-up. Statistical analysis was performed using SAS Ò (version 9.3 for Microsoft Windows). A P value of <0.05 was used to declare significance.
A retrospective power calculation on the OSDI score to detect significant differences of at least 7.3 points 24 revealed that with a standard deviation of 16.7, this study would provide an 80% power if at least 44 patients were enrolled and would provide 90% power if 57 patients were enrolled (data on file).
Results
Demographic data
Seventy-two patients (53 female and 19 male, age 59.65 -16.55 years) were included in the study.
Clinical findings
Visual acuity, IOP. As can be seen in Table 2 , BCVA and IOP did not change over the study period.
Schirmer test without anesthesia, TFBUT, OSDI-like questionnaire, and corneal and conjunctival staining. In the study, the Schirmer test did not change over the study period. However, TFBUT, OSDI-like questionnaire, and corneal and conjunctival fluorescein staining improved significantly (Table 3) .
Blepharitis assessment. Anterior and posterior blepharitis were assessed with severity grading: +, ++, or +++, respectively. Results are demonstrated in Fig. 1 . The Wilcoxon rank sum test (n = 61 each) showed significant changes for anterior blepharitis (OD: P = 0.0040; OS: P = 0.020) and posterior blepharitis (OD and OS: P < 0.0001).
Meibum analysis. Meibum was analyzed by differentiating quality, quantity, and necessary pressure applied to express secretions. Results are demonstrated in a Fig. 2 and demonstrate improvement of meibum quality and reduction in necessary pressure for meibum expression. Meibum quantity improved slightly toward more eyes with normal meibum amount.
The number of expressible Meibomian glands increased significantly over the study period (Table 4) .
Lid margin assessment. Lid margin abnormalities related to blepharitis and MGD were recorded during slit-lamp examination and displayed in a shift table (Table 5) . No statistical analysis was applied. Approximately one third of the eyes showed clinical improvements.
Symptom assessment. Patients were asked whether they currently suffer from typical dry eye symptoms both at the baseline and follow-up visit. As can be seen in the Table 6 , a larger number of patients reported symptom improvements than worsening of DED-associated symptoms after 5-7 weeks of treatment.
Usability, tolerability, and overall satisfaction
Patients' opinion about the usability of perfluorohexyloctane and treatment satisfaction was obtained by a questionnaire at the end of the study (follow-up visit). The majority of patients' responses were positive regarding ease of administration, sensation of the drops, vision to be affected by the drops, and relief of dry eye symptoms. Approximately half of the patients were likely or very likely to continue using the drops. One third of the patients were dissatisfied or very dissatisfied, and were unlikely or very unlikely to use NovaTears in the future (Table 7) .
Adverse events
A total of six AEs were reported in 5 patients during the course of this study; none of them was classified as serious adverse device effects ( = incident according to applicable legislation) ( Table 8) 
Discussion
Recently, a new class of preservative and water-free artificial tears demonstrating superior spreading properties was introduced. This new class is formed by semifluorinated alkanes (SFAs) that supplement the complex concept of treating DED as demonstrated in the first observational trial on patients with evaporative DED. Perfluorohexyloctane, the SFA contained in NovaTears, has particularly shown to improve tear film stability and tear film breakup time, decrease corneal staining, and vastly reduce dry eye-related FIG. 1. Blepharitis assessment. The graphics demonstrate changes of blepharitis severity from baseline to follow-up. Improvement is visible by shift from higher to lower severity grades of anterior and posterior blepharitis (data set: PPP, n = 122 eyes). PPP, per-protocol population.
FIG. 2. Meibum assessment.
The graphics demonstrate improvement of meibum quality (A), only little change in meibum quantity (B), and reduction in necessary pressure for meibum expression (C). Data set: PPP, n = 122 eyes).
symptoms. 19 As hyperevaporation due to MGD is a leading pathomechanism in DED, 25 further and more precise clinical data on SFA in this context are warranted. Due to their spreading properties, SFA are likely to be distributed into the Meibomian gland orifices. Consequently, the lipophilic SFAs might not only interact with the Meibomian lipids on the tear film but also with lipids not yet secreted and that are still within the Meibomian gland orifices.
In addition, lipids that are structurally altered leading to blockage of the orifices (clinically apparent as plugging) could potentially be dissolved with SFAs. 20, 21 The repeated presence of SFA eye drops at the blocked orifices could therefore incrementally dissolve altered lipids by passing over solid lipids into the liquid perfluorohexyloctane phase and eventually leading to reopening of the orifices. This second prospective observational trial therefore focused on patients with Meibomian gland disease (MGD). Based on the baseline characteristics the trial population can be classified as moderately affected according to the 2007 International Dry Eye WorkShop (DEWS) criteria.
26 After 6-8 weeks of treatment for tear film stability, the number of expressible Meibomian glands increased significantly, while corneal and conjunctival fluorescein staining and OSDI score decreased significantly. On average, patients performed lid margin hygiene 64 weeks (2-393 weeks, median 20 weeks) before inclusion into the trial (data on file) and was therefore unlikely to be an influencing factor. Patients were on stable concomitant therapies, including various artificial tears, which remained stable throughout the study for the majority of patients and are thus considered not to influence the study outcome.
In line with the previous study, the Schirmer without anesthesia test showed a small increase; however, in contrast to the first study, it did not reach statistical significance. The decrease of the OSDI-like questionnaire by a mean of 11 points clearly exceeds the minimal clinical important difference of 4.5-7.3 points for mild or moderate disease. 24 Furthermore, the observed improvement in OSDI-like questionnaire corresponded well to the subjective symptom assessment.
Regarding symptoms, improvements were mainly reported on burning (40% of the patients), tired eyes (38%), red eyes (30%), itching (26%), blurred vision (23%), and foreign body sensation (20%). In contrast, few patients reported worsening of their symptoms, which included burning (5%), tired eyes (7%), and red eyes (8%). This in-depth symptom analysis is in concordance to the overall improvement of the OSDI score of 11.
A central question to be answered by the trial was the impact of perfluorohexyloctane on the severity of anterior and posterior blepharitis. Following 6-8 weeks of application of perfluorohexyloctane, a significant improvement of blepharitis was determined, which was accompanied by a significant increase from 8 to 9 at average out of 15 expressible Meibomian glands. Whether this increase of 1 expressible gland on average is clinically relevant has to be questioned; however, meibum analysis also showed improvement of quality and reduction of necessary pressure to express meibum in some patients. In addition, plugging decreased in several patients, a finding that supports the beneficial effects of perfluorohexyloctane application to improve Meibomian gland function. Overall tear film stability increased, potentially due to the interaction between NovaTears and Meibomian gland lipids at different levels.
Regarding safety parameters, BCVA and IOP did not change. Also, the reported 4 AEs out of 70 patients that were related to the study medication were considered mild to moderate. In the previous trial, 3 out of 30 (3/30) patients reported AEs, which were of the same clinical spectrum with mild to moderate ocular irritation that resolved immediately after discontinuation of treatment.
Regarding symptoms, improvements were mainly reported on burning (40% of the patients), tired eyes (38%), red eyes (30%), itching (26%), blurred vision (23%), and foreign body sensation (20%). In contrast, few patients reported worsening of their symptoms, which included burning (5%), tired eyes (7%), and red eyes (8%). This in-depth symptom analysis toward the tolerability of perfluorohexyloctane is in concordance to the overall improvement of the OSDI score of 11. The shift-table demonstrates improvements of lid margin abnormalities in approximately a third of the eyes examined (bold values; data set: PPP, n = 122 eyes).
PPP, per-protocol population. The shift-table displays the change of symptoms from baseline to follow-up, improved patients are depicted in bold (data set: PPP, n = 61 patients).
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In total, 35 of the 70 patients, who could be included in the usability and tolerability analysis, were satisfied or very satisfied with perfluorohexyloctane, 39/70 patients described a pleasant or very pleasant sensation after the application, and 34/70 patients will continue the treatment in the future. While about one third of the patients were dissatisfied or very dissatisfied, and were unlikely or very unlikely to use NovaTears, a subgroup analysis of those patients demonstrated that still 5/20 patients described a pleasant sensation and/or fast relief of symptoms after application of NovaTears in contrast to their quotation that they would not use the product in the future. 12/20 patients demonstrated a reduction of the staining score and 6/20 patients demonstrated an increase of TFBUT in both eyes. Considering that DED is a heterogenous disease with large variability, a rate of about 1/3 patients may not want to continue therapy is rated as rather low. Subjective sensation after the first application was velvety, neutral, and/or oily in most patients. 55/70 patients reported no problems with the use of the medication bottle, whereas 12/70 patients reported touching the eye with the bottle sometimes. Forty-eight out of 70 patients found the application to be easy or very easy.
The study has several limitations. Due to the open-label and observational character of the study, the efficacy parameters were compared with baseline measurements only and not to a control group, and data were only collected at 2 time points (baseline and follow-up visit) after a 6-8-week application. This implies that potential placebo effects in terms of symptom assessments cannot be differentiated from the treatment effect, although this is in general very difficult for this 1-component product given that there is no vehicle. Moreover, fluctuations due to seasonality could not be controlled. Follow-up prospective controlled studies will need to overcome these limitations. Overall, perfluorohexyloctane (NovaTears) seems to be safe and effective in treating Meibomian gland disease in mild to moderate hyperevaporative DED as demonstrated by this prospective observational study. In particular, improvement of blepharitis, Meibomian gland function, TFBUT, corneal staining, and subjective symptoms show beneficial effects and implicate a broad application opportunity.
